Introduction
Three−dimensional visual perception is the most natural way for humans to experience the real world. No wonder that a lot of effort has been put recently to add the 3 rd dimension into imaging technology. Nowadays, the biggest commercial implementation of 3D imaging and display is mainly real− ized by stereoscopic, pseudostereoscopic and integral imag− ing techniques which are based on 2D images and their transformation by our brain [1, 2] In order to provide a "true− −3D" display, it is necessary to deliver a high quality optical replica of an object or scene that can be viewed by an observer freely from different directions. This can be achi− eved with holography that stands out from the other 3D imaging techniques [3] due to the ability to capture and cor− rectly reconstruct 3D object wavefront [4, 5] .
Technological developments in the area of spatial light modulators, high resolution cameras and computers with high computing powers have provided the means to transfer holographic imaging concept into a digital world. However, the biggest difficulty in this task is to provide a holographic display with sufficient spatial bandwidth product (SBP) which is required for holographic representation of a 3D object with respectable sizes. In order to solve this problem two main approaches are proposed. The first one relies on holographic reconstruction of small angular parts of an object wavefront (from a large volume 3D scenes) that actu− ally reach observer eyes. The wavefronts are updated accor− ding to the information provided by an eye tracking system [6] . This solution is used for a single observer or, recently, a limited number of observers systems [7] . It has already been well described and is commercially available since in this solution technological development (SLM parameters) is already sufficient. The second approach relies on creating high resolution, big aperture (with high pixel count) holo− graphic display which provides simultaneously (in reference to human vision system inertia) total information about dis− played image within a wide viewing zone for multiple obser− vers [8] . The good example of the second approach is the "active tiling" system developed by QuinetiQ [9] , however, the hardware connected with this system (based on combina− tion of electrically and optically addressed SLM and multi− ple optics) is highly complicated. The second approach is also realized by means of creating larger display through combining reflective type SLMs into flat or curved panel [10] [11] [12] [13] [14] . The most common devices used in holographic dis− plays are Liquid Crystal on Silicon (LCoS) spatial light modulators (SLMs) which provide the highest diffraction efficiency and reconstruction accuracy [16] . However, they have now several technological limitations and suffer from insufficient value of spatial bandwidth product, i.e., they have a large pixel size and small aperture [11] . In order to overcome these problems it is necessary to seek solutions for the SBP increase, that enlarge viewing angle and image dimensions.
The first problem is widely addressed in literature. One of the solutions is based on spatial multiplexing technique in which several SLMs are arranged on an arc that increase hor− izontal viewing angle [13] [14] [15] . Such approach is highly ex− pensive since the viewing angle depends on the number of used modulators. Also due to the size of physical frames of SLMs, it is difficult to obtain a continuous aperture of a dis− play. Another way to increase SBP is an implementation of temporal multiplexing [17] [18] [19] in which a number of SLMs, from which information originates, increases virtually. This is possible by modulating a direction of updated light field propagation with the frequency above eye refreshing rate (50 Hz preferably). In this way a continuous row or matrix of virtual SLMs is generated [17] . However, the more virtual SLMs appear, the higher refresh rate an SLM should work with. To lessen this condition spatiotemporal multiplexing methods which utilize several physical SLMs multiplied temporally are used [8] .
The second problem, namely the limited size of an ima− ge, is related with an observation method. In the desired naked eye observation method, the image size is always lim− ited by an SLM aperture; we experience so called "key−hole" effect. This limitation cannot be changed, however several approaches are implemented to bypass it by means of other observation techniques or extension of a display size. One of the observation techniques that allows for reconstruction of images with bigger size than SLM's aperture applies an additional medium, namely asymmetric diffuser [20] . Here, on the contrary to the naked eye observation method, an image is scattered in vertical direction which allows to see more information vertically (up to the size of FOV) but the vertical parallax is lost. In horizontal direction the size of an image is still limited by an SLM size, but it contains 3D information (limited horizontal parallax) [13] which can be extended by horizontal spatial multiplexing. Another way is to use spatial multiplexing in horizontal and vertical direc− tions and appropriately designed optical system, as shown in Ref. 21 .
An alternative method, which we propose in this paper is an application of spatiotemporal multiplexing method (STM) which provides significant increase of viewing angle as described in Ref. 17 combined with a sequence of an image demagnifying and magnifying operations performed by an appropriate 4f optical system. The paper is organized as follows. In Sect. 2 we present the concept of the method. Next (Sect. 3), the display system is analysed by means of Wigner distribution performed in the planes of SLMs and holographic image. The methodology of experiments and the final image reconstructions obtained in the developed display system are presented in Sects. 4 and 5, respectively. The advantages of the system and perspectives of its further development are discussed in Sect. 6.
The basic concept of the method
The concept of our method is illustrated in Fig. 1 . Four phase only reflective SLMs are aligned in a 2×2 array on a circle with the fill factor FF = 0.5 in both horizontal and vertical direction. A beam splitting element BS is used to create two rows of SLMs and to illuminate them with a plane wave propagating along optical axis. The SLM M is placed at the plane ¢ p conjugated with a holographic image reconstruction plane p through a 4f optical system composed of lenses L 1 and L 2 of different focal lengths. The proper choice of the focal lengths provides the transverse magnification M t < 1, and angular magnification M a = 1/M t > 1. The final image enlargement is obtained in two steps: in the first one the reconstructed image is decreased to the size matched to SLM M dimensions, in the second step this image is back propa− gated through a 4f system and its size is increased to the size of an image observed by a naked eye. The role of SLM M in the setup is to redirect an incident beam originating from i−th SLM (here i = 1,…4, but it can be increased) at a desired angle a x y . It is realized by address− ing SLM M with linear phase mod(2p) (virtual wedge) given by a pl
, where ±A x y is the spatial frequency of the phase fringes in direction x or y. The example of virtual SLM positions for the case of a single SLM is shown in Fig. 2 as the red, dashed−line rectangles.
The principle of work of a 2D matrix of virtual modula− tors [ Fig. 1(b) ] is the same, however, in order to obtain clear image without flickering faster SLMs are required. To com− pose a full object frame (4 positions of virtual SLMs) the time shorter than the inertia of human's eye is necessary. Nevertheless, in a final result the increased number of virtual SLMs will result in increase of the visual field of view (amount of information obtained by an observer) and, there− fore, it will enhance visual perception conditions. The selection of magnifications given by the 4f system plays a key role in the display and depends on several param− eters such as: angular separation of adjacent SLMs, SLM M pixel size and size of reconstructed image. The biggest limi− tations come from SLM's features, i.e., its aperture and pixel size. Due to SLM structure the maximum angle at which it can reflect an incident beam equals a l
SLM M x
= ± 2D (where l -wave length, D x -pixel pitch). The angle after back propagation of an object beam through the 4f system is decreased M a times. Therefore, assuming the maximum shift of SLM by half of its size, the following relation can be written a
where B x is the SLM size, z r is the reconstruction distance. The relation given by Eq. (1) shows that with an increase of the angular magnification M a (decrease of transverse one) the reconstruction distance z r has to increase which translates into smaller viewing angles. On the other hand, such situation would be advantageous for bigger images since they could be appropriately decreased to a SLM's size. Therefore, a certain compromise has to be chosen based on the setup parameters and viewer's expectations. The relation in Eq. (1) cessity of z r increase. Also bigger SLM M aperture (without pixel size increase) would be beneficial since then smaller angular magnifications could be used.
Wigner distribution analyses of holographic imaging with STM method
The analyses of holographic imaging with the described STM method are carried out by means of Wigner distribu− tion as it gives possibility to illustrate local information about reconstructed signals in both frequency and space [22] . In order to show general character of the signals, they are analysed with no specified values such as reconstruction distance (z r ), display size (B x ), pixel size (D x ), etc. SLMs are illuminated in the same way as shown in Fig. 1 . Therefore, (to keep the schemes simple) the SLMs illumination is not shown in Fig. 2 .
At first the analysis of the setup is performed for a single SLM, without optics and with SLM M turned off in the con− figuration shown in Fig. 2(a) . The SLM is illuminated with a plane wave, the hologram is reconstructed at the distance z r in which the additional SLM M is placed in order to redirect the incident field u 1 . The Wigner distribution of an SLM M and holographic signal in the reconstruction plane for this case is presented in Fig. 3(a. ) The green area represents the amount of information which observer receives during naked eye observation. The area is limited in horizontal direction by the size of SLM M and since SLM is tilted at an angle a, it equals B B xM x = cos a. Fig. 3(a) shows that in general during image reconstruction with single SLM a lot of SBP is lost. In order to optimize the usage of SBP, multi− plexing techniques are implemented through activating SLM M. The case with SLM M turned on is illustrated in Fig. 2(b) and Fig. 3(b) . By displaying at SLM M linear phase of a properly chosen frequency the incident field u 1 is redi− rected at a desired angle. In the result a copy u origin as illustrated in Fig. 2(b) . The spatial fre− quency (±A) is selected depending on display's features, i.e., reconstruction distance z r , modulator's size B x and fill factor FF and translates into reflected plane waves with frequencies Fig. 3 and Fig. 2(b) WD of real and virtual SLMs are presented. The received amount of information (green area) is still limited by B xM , however, a certain profit in the frequency domain can be obtained which translates into an increase of a viewing angle. The conclusion is that, in order to observe images bigger than the size of SLM, its dimensions need to be increased. In Fig. 3(b) such solution is presented, where reconstruction plane p is conjugated with SLM M thanks to adding 4f opti− cal setup. The role of SLM M remains the same as in the pre− viously described case, i.e., change of incident light direc− tion. The difference is that due to implementing the optical setup the transverse and angular magnification are intro− duced (M t < 1 and M a = 1/M t ). In Fig. 3(c < 1 2D condition. Due to magnification provided by the 4f system, resolution (RES) of an image changes. The situation is similar to the case when hologram reconstruction distance decreases and can be described by the following relations
The big advantage of the presented solution over the one without optical system is that the size of an observed image depends on a 4f setup magnification and can vary depending on an observer's needs. It is scalable and the addition of more SLMs in horizontal or vertical direction brings no con− ceptual problems, however, it may cause significant increase of the size and cost of the setup.
Experimental setup analyses
The experimental setup (Fig. 1) was composed of 4 phase only SLMs (HEO 1080P [23] ) aligned on a circle with fill factor FF = 0.5 in both horizontal and vertical direction. A beam splitting element BS was used to create second row of SLMs. Composition of a 4f setup, which conjugates re− construction plane with SLM M, depends on the final ex− pected effect. In order to obtain big FOV the reconstruction distance z r needs to be big. We have chosen to reconstruct hologram at z r = 700 mm, for which FOV = 46.5 mm. Such reconstruction distance together with a distance between two adjacent SLMs in horizontal direction resulted in their angu− lar separation of ±0.63°. Considering illumination with l = 532 nm and maximum diffraction angle of an SLM for this a SLMM = ±°19 . , the 4f setup magnification should not be big− ger than M t = 0.63/1.9 = 0.33. This is why our 4f setup was built from lenses with focal lengths f 1 = 300 and f 2 = 100 mm. In the vertical direction the shift between two adja− cent SLMs was smaller, hence restriction for optical setup magnification was weaker. Finally, considering SLM's di− mensions and shift of virtual modulators by half of their di− mensions in both directions X and Y, we needed 4 subframes delivered sequentially in time with spatial frequencies f M = [±62 mm -1 , ±35 mm -1 ] which will shift virtual modulators along diagonals of the real ones.
Finally our system provided the following features, when compared with a single SLM reconstruction: In order to obtain a reliable and continuous image recon− struction the spatiotemporal multiplexing is implemented through synchronizing SLM M with the set of a 4 real SLMs at which the sequential holograms are displayed. The fast hologram display is performed through a direct GPU addres− sing with the prepared holograms. In theory maximum fre− quency with which the system delivers final image (consist− ing of 4 subframes) should equal 15 Hz, as maximum frame refreshing rate of an SLMs is 60 Hz. In practice, due to hard− ware limitations, the final image has been delivered with the frequency 12.5 Hz.
Another advantage of combining temporal and spatial multiplexing is the increase of display's visual field of view (VFOV). VFOV defines the size of an area observed by human's eye and can be calculated from the following equa− tion [24] VFOV depends on the number of pixels N x y ( , ) , their size D ( , ) x y , as well as observation and reconstruction distances z o , z r . This means that for fixed reconstruction conditions and a single modulator case, in order to increase VFOV an observer has to move away from a reconstructed image (increase of z o ). Thanks to application of the STM method, we are able to "change reconstruction conditions" by increasing of the display size (here 4B x ), thus observation distance can be reduced and, moreover, the reconstructed image becomes bigger.
However, due to a certain limitations of the optical sys− tem, it is necessary to properly choose its parameters in rela− tion to the other features of the display. Basically, there are two factors that need to be looked into, in order to estimate the final acceptable size of an image: In our setup we have chosen to use lenses with the fol− lowing parameters: f 1 = 300 mm, f 1 = 75 mm (L 1 ) and f 2 = 100 mm, f 2 = 50 mm (L 2 ). Taking into account the above considerations, the transverse magnification of the optical system is M t = 1/3, which together with SLM M dimensions 15.36×8.64 mm (W×H) limited the acceptable image size to 46.08×25.92 mm (W×H). The aperture stop A s is located at the second lens. Therefore, natural vignetting is given by the first lens, which results in max. principle ray angle a p =°179 . , i.e., the possible image size f p = 56 mm. The ex− perimental display, concerning virtual modulators, has the largest dimension in horizontal direction (4×15.36 = 61.44 mm) which translated into image acceptable area f d = 34 mm. The principal ray propagation in our setup and display con− figuration influence on image size is illustrated in Fig. 4 . At SLM plane real SLMs are represented by black rectangles, whereas virtual by red dashed lines (see also Fig. 1) .
Finally, looking at the obtained values, the display with implemented STM method provided the image with the in− creased size, namely 3 times bigger height and 2 times big− ger width of the image in comparison to a single SLM size.
Experimental results
To verify functionality of the display the experiments had been performed in two steps: reconstruction of holograms of a target 2D object and reconstruction of holograms of a real 3D object -gargoyle statue. For the target object a simple 2D image was used, whereas 3D data of gargoyle statue had been acquired by means of the fringe projection system [25] , which provides cloud of points (x,y,z) representation. The phase representation of both objects wavefronts at the holo− gram planes were generated using Gerchberg -Saxton algo− rithm [26] . The phase values had been displayed directly on SLMs. Such approach allowed for zero order and additional diffraction orders suppression.
At first the target object [ Fig. 6(a) ] which fits the area shown in Fig. 4(b) (green field), had been designed and a set of holograms corresponding to the tilt applied at SLM M were calculated. To mimic human observation a digital cam− era was located on axis in z o = 960 mm distance from a reconstructed image with its diaphragm diameter set to 5 mm (human's pupil diameter in a dark room). The exposure time of the camera was set to 1 sec. The input power of used lased equalled app. 5 mW, however, for naked eye observa− tion, due to safety reasons, it had to be decreased to single μW. Illumination power and camera parameters remained the same during all experiments. Fig. 5 , whereas the experimental results in Fig. 6 and Fig. 7 . In Fig. 6(b) when SLM M is turned off the image can be seen as reconstruction of specific parts of an object throughout four "key holes", each one associated with the real SLMs. When SLM M is turned on, depending on the applied modulation direction one of the previous gaps disap− pears [ Fig. 6 (c) and 6(d)]. For best coverage of VFOV in both directions the diagonal positions of virtual modulators created by 4 temporal subframes had been implemented [ Fig. 6(e) ]. As stated before, an observer's position is crucial for proper amount of information receipt. This is why we have placed our camera 960 mm from the reconstructed image, which gives VFOV y = 20 mm (for 4 virtual modula− tors). This result is significant in comparison to a single modulator case, where for the same observation conditions VFOV y = 5 mm. Utilization of the proposed technique, how− ever, has its impact on decrease of average intensity in larger visual field of view area. Therefore, for the same exposure time value, the intensities of captured images presented in Fig. 6 (b)-6(e) differ from each other -the highest Fig. 6(b) , the lowest Fig. 6(e) . Because of that also the noise visible in images Fig. 6 (b)-6(d) is less noticeable in the reconstruction presented in Fig. 6(e) . The same statements hold for the results presented in Fig. 7 .
In the next step we reconstructed the hologram of the real 3D object. The reconstructed image was 15 mm high, i.e., only a little bit smaller than VFOV calculated for the obser− vation distance z o = 600 mm (Fig. 7) . The presented results, as previously, show the effects of imaging in the display for the case of implementation of 4 different sets of modulation frequencies. The final image, in which observation of good quality continuous reconstruction of 3D object is possible, shows well the potential of the proposed method. The pre− sented system allows for 4 times more information percep− tion in comparison to a single modulator (for the same ob− servation parameters).
It should be also noticed that due to relatively low frame refreshing rate of the utilized SLMs (60 Hz) flickering effect was noticeable (12.5 Hz/frame). This, however, is a techno− logical problem, which should decrease or even disappear for the SLMs with higher refreshing rates. Faster SLMs will also affect higher mean intensity distribution in VFOV area, which will additionally improve quality of observed recon− structions.
Conclusions
The paper describes a holographic display based on 4 SLMs aligned on an arc and additional SLM M used for modulation of image wavefronts. In a contrary to our previous works, we had focused on providing the possibility to obtain a recon− structed image for naked eye observation with a size much Opto−Electron. Rev., 24, no. 3 bigger than a single SLM. For this purpose we combined the spatiotemporal multiplexing method with a 4f optical sys− tem. The main role of STM method was to simultaneously increase VFOV and remove gaps in a reconstructed image. The optical setup has been used in order to decrease image size to SLM M dimensions and increase it back to its original size afterwards. Application of 4f optical system brings some additional limitations put on a reconstructed image, however by proper choice of 4f system elements it is possi− ble to reach significant increase of an image size for naked eye observation. For synchronization of displayed holograms with modu− lation of SLM M we have developed a software based on GPU which provided the working frequency for four sub− frames equal to 12.5 frames/sec for SLM with theoretical frame refreshing rate 60 Hz.
To present advantages of the developed display, we have shown the reconstructions of two objects: scaled rectangle and gargoyle. The first one allowed estimating how much an ob− server can see while different modulation frequencies are ap− plied at the SLM M. The second one presented the viewing conditions for 3D object. Moreover, the presented results in an expressive way illustrate the "key hole" effect and viewing limitations connected with utilization of a single SLM.
In the described display we have succeeded in recon− struction and observation of an image in 4 times bigger VFOVy in comparison to a single SLM setup without STM method applied. Nevertheless, we believe that with further improvement of SLM's parameters our method can become even more efficient, providing viewer with display of higher SBP. Below we present the comparison of the display para− meters which can be reached for 2K (8 μm pixel size) [23] and 4K (3.74 μm pixel size) [27] SLM resolution. The com− parison is made based on the assumption that 4f optical sys− tems are optimized for these SLMs and provide angular magnification M a = 3. Therefore, reconstructed image will be limited by SLM M aperture size only. The presented values show that smaller pixel size gives bigger variety for possible setup configurations. For the same image size 4K SLMs provide an observer with nearly 2 times bigger viewing angle, since reconstruction distance is decreased. However, utilization of 4K SLMs would be also beneficial if reconstruction distance remained the same, i.e. z r = 700 mm. The situation is presented in Table 2 , where due to smaller pixel size of 4K SLMs a bigger magnification of 4f setup can be implemented. From the comparison it can be seen that both the image size and the viewing angle increase in 4K display configuration.
